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Executive Summary
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The Idaho Transportation Department (ITD) conducts bridge inspections in accordance with the National
Bridge Inspection Standards (NBIS). ITD inspects 1,328 state owned bridges and 2,412 locally owned
bridges on the Mtional Bridge Inventory (NBIT.he required inspection interval is 24 months. Some
bridges of concern are inspected more frequentig-(nonth cycle) and if qualifying criteria is met, a few
bridgesare allowed to be increased to4s8-month cycle.Inspections are tim&onsuming andanpose

safety risks to inspeorsandthe publicif safety protocols are not followedTDusesunder bridge

inspection trucks (UBIT) to inspect 2@ahostate bridgesand 125 local bridges

This report outlines a feasibility investigation into the us&ofmanned Aerial Systems (UAfes)use in
bridge inspections, with the goal of identifying future uses and reseditoh research tearoonducted a
literature survey orthe applicatiors of UAS in StateDepartmens of TransportationOT% Most date
DOT research or internal investigations haged or studiedJAS forsurveillance and traffic control in
the past but recentlyUASbased bridge inspectionak becomea popular researchtopic. Qurrent
technology limitdJASuse to an assiste tool for the inspector to perform bridge inspectisfaster,
cheaper, and without traffic closurén some situationsThe major challenges f&fAS includesatisfying
restrictive ederalAviation Administration(FAAYegulations positioncontrol in Global Positioning
Systems (GP8gniedenvironments pilot expensesavailability andany required datgost-processing

The research tearmvestigated two aspects of remote sensinddridge inspectionsvisual inspection
and autonomous defect detection, both usibi\Sinspection data. Severaispectionson a lab made
bridgeusinga 3DR IrisJASshowedUAS can be used farisualdeck inspections and crack detectigin
autonomouscrack detection algorithm developeby the research team detectadost of the deck
cracksfrom the UASnspection In addition,the research teanassessed theurface condition of two
steel girders supporting the bridge deck during the inspection fadrand-held FirstPersonView (FPV)
monitor. The research tearmvestigatedthe construction of hree-dimensional3D)modek of the
entire lab-madebridgeusingUASnspection imagesThe research team used aff-the-shelf program
AgiSoft PhotoScaly creae the model withoutextensivepre-processingn the inspection images
which could improve the modgbut was als@rohibitivelytime consuming The modelvas
unacceptable and incompletandthe authorswith ITDengineersdecidedthat the entire procesgpre-
processingmodel creation and pogirocessingyvastoo time-consumingo pursuefor routine use

The next phase of this studgquired theresearchteamto determine the feasibility of fatigue crack
detection using thredJAS 3DR Iris, DJI Mavic, a custommadeoctocoptercalledthe Goose The
researchteam equipped achUASwith a visual cameral’hen heresearch teamdentified the minimum
requirements in terms ofcamera distancéo the defectof interestand lighting conditios, in whicha
test-piece with a known fatigue craekould bevisible.In an indoor GPSdenied climate controlled
spacethe researchteam carried out set of experimentso find the testpiece fatiguecrackin the
enclosedUtah State Universgjtstructural lab The crack was not visible in the images capturethby
3DR Iriglue to its erratic flight control in absence of GPS signals and its camera specificetioDs|
Mavic pictures wer@acceptablesince theUASexhibited stable fligheven without GP&ndwas able to
navigate to within20 to 25 cm (8 to 1ih.) of the defect and detect thé&atiguecrack een inlow lighting

XVii



Fatigue Crack Detection Using Unmanned Aerial Systems in-Bridge Inspection

conditions Similar tathe 3DR Iris, the Gooselied mostlyon GPS signals for control afadled toget
close enough for fatigue crladetection However,the Nikon camerawhich wasmounted on the
Goosehadan optical zoom optiorwhichallowed theUASo be 70cm @0in.) away from the area of
interest

The last step was to conduct inspectiamfsanin-service bridgaisingUAS. This would allow the
research teanmo evaluatethe UAS(performancein GPSdeniedanduncontrolled environmerg. The
3DR Iridvad considerabldifficulty maintaining control due to windnd therefore the inspection
images were unacceptabl€heDJl Mavicould saféy get close enough to the crack i@aktime
detection andusing the digitazoomin the camerahelped acquie images with detectabléatigue
cracksthat could be seewn the cell phone sized viewscredrhe DJI Mavic camehasthe ability to tilt
the cameraup to 30 degreeswhich can limit visibilityThe Goose was not flown under the bridge since
the flight characteristics requirmore than the2 m (6.5 fticlearancebetweenthe bridgeand groundo
limit ground effectsTheresearchteam developed aimage processinglgorithmfor autonomous
fatigue cracldetection whichidentified more than 8Qpercentof the actuallength of the crack in the
DJI Mavic imagedlore images are required tevaluatethe effectivenesof the algorithm. Theresearch
team recommendshe DJI Mavic as jpossiblesolutionfor underbridge inspections due tits use of
sonarsignalgn absence of GPS, camenaality with light exposure control, obstacle avoidance
algorithms andsmall size that allowis to maneuver in tight places

In additionto visual imageghe research team examineghother nonrcontact methodby performing
passivgusing only ambient heagndactive(using external heating sourcabermography experiments
on the fatiguetest-piecesfrom ITD. Wo thermal camerasvere used in the thermography experiment
aFLIR SC64@ith 1 Csensitivity anda FLIR E8vith 0.2 Csensitivity. Theresearchteam did not
observefatigue crackin the thermal images taken the passive casasingthe FLIR SC64The E8
cameraresults weresomewhatsuccessfylbut not useful folJASnspection It was showrthat it is
possibleto useactive thermography anthe FLIR EBamerafor fatigue crack detectionDespite this
success, thermography usikbAS for fatigue crack detectiois not feasibleat this timebecauseactive
thermography requireganexternal heat source.

Phase three of thistudywas to perform an inspection of a fracture critical bridge intéshldaho.The
research team selected tHaJl Mavibased orits performance in the previous testuring the
inspection, he minimum achievable clearanfmr UASto avoid collision in gusty windgas 75 cm (30
in.). Onlytwo of the previously detectedatigue cracks were inspected by thig\Ssinceit wasunstable
over the river The instability was because thiASuses downward sonar signals for stabilizatiamich
were confused by thé&astmovingwater. Fatigue cracks were not visible in the imaddmswvever, minor
rusting and paint deterioratioof the bridge girders, floor beams, girder splice, and other usimtelge
members vere visibleusing the inspectin images. Concrete delaminaticefflorescerce, crackingn
concrete mildsteelrust, and paintconditionwere detectble in the DJI Mavic pictures.
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ResearchVotivation

Theldaho Department of TransportatigiiTD) is responsible for inspection ¢828 state bridgeand
2,412 local bridgedisted in the National Bridge Inventory (NBT)Dchooses to inspedhe state bridgs
internally whileusingseven to terconsultantfirmsto conduct local bridgénspectionsperiodically ITD
performsinventory Inspections, Routine Inspections, Damage Inspectiodgpith Inspections,

Fracture Critical Inspections, Special Inspectiand Complex Inspections. While emergencies do arise
for which theUnder Bridgdnspection Truck(UBIE) may be needed (e.g. damage inspection), the UBIT
is specifically programmed to be used foiDepth Inspections, Fracture Critical Inspectid@secial
Inspectionsand Complex Inspectionehichcover263 state bridges and 128cal bridgesWith the
exceptioncomplex bridgeghe majority of the UBIT inspéions areconsideredn-depth Inspections.
According tahe ITDbridge inspectionmanualsection4.2.3.3 an Indepth inspection is typically
performedto: @

Assess bridge eients not accessible during routine inspections
Obtain more sophisticated data

Perform special testing

Bring in other experts to assess particular probem

= =4 =4 =4

Themainreason for an lsdepth ingection isto assess bridge elementridgeelementassessments
arethe mainmotivation forresearchingJnmanned Aeriabystem(UAS technology becausmspecting
with a UBITaddsadditional expensand timeto the inspection procedurgncluding but not limited to
scheduling UBITs and maintenance of tcaffior this reasonT Dprefers tocomplete the inspection
without a UBIT when possible. ITD has thfel-time inspectors for the entire state coveri2g 6,000
km? (84,000 mf) including940 centerline km (612 centerlimgi) of the Interstate HighwayBystem Two
UBIT trucks and enfulktime UBIT operator araccessible téTD forall stateand local bridge
inspectionslnspections can involve exposure and other risks if safety protocols are not rigidly followed.
Safety protocols often require additiahpersanel, training and equipmentThus they can be costly
but are necessaryA commorroutine bridge inspection requires ongspectorto spend20 minutes to
10 hours perfornng an inspection Time requireddepends on the size and the complexity dfe bridge.
In addition to the time spent on the inspectiaihe inspector must provide a repord summarize the
findings.Typically, witing a reporttakes upto 4 hours Inspectors usually perforrihe inspection
process using targeted visual technigdesmore efficient and streamlined inspectioria.targeted
inspectiors, only regions witha high probability of aspecifieddefect will be visually inspected.

Use ofUAS for bridge inspectiohas the potential to improve this practice in Idaho by limiting the need
for UBITs and decreasing inspection time in certain situations. This study is focused on evaluating the
limitations ofUAScapabilitiesin a targeted inspectionwhich is defined fothe purposes of this report
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asUASnspection of a localized area for a specific defect, as opposed to observation of the entire bridge
or several locations for any number of defec@ne of several defecthat ITD inspects fomndusually
requires a UBI, is geel cracking in the superstructurBatigue cracks areasidered one of the most

critical and hard to find defects for whithASechnology may be useful in aidiibDinspectors.

However fatigue cracksre also the most challenginfigr UAS spedficallydue to the environment, lack

of GPS signals, variable pilot skilid the typical locations of fatigue cracKéis report, while providing

some preliminary qualitative inspections of some fabricated defects, is focused on determining if fatigue
cracks can be detected on steel superstructures.

Use ofUAS by ITD

ITD initiated astudyin April 2014 to investigatthe use ofUAS in areas thatcouldbe dangerousr
costly for a human inspector. In 201%D districengineers authorized a Drone ®iProject that would
investigatethe possibility of usindAS forground surface gatherindpridge inspectiopand
construction nspection and documentatiomissions Theflight company selected was Empire
Unmanned, with assistance froAdvancedAviation Sdutions, which is now a subsidiary of Empire
Unmanned Three areas were selected for the Drone Pilot Projiet area around the-15/US30
interchange in Pocatell@anyon Creek Bridge on-8H andthe 1-84 Snake River Bridges near Declo

ITDproject coordinatorgeported thatthe biggest barriefor these tasksvas nd technical but

regulatory. D fly commerciallythe pilot operated under a FederalviationAdministration FAA

Section 333 exemptignvhich included a provision thatlal y 2.3 NI A OA LI G Ay 3 LISNER2Y Yy St
under the UASfor a 150 m (50@t) radius.This meantthat all traffic would have to be stopped while the

UASwas in flight Empire Unmanned secured clearance to fly over live traffic.

The first flight took place on Mal8, 2015, onnterstate 15 near the USO0 interchange in Pocatello

Idaha The pilotflew the fixedwing UAS a Sensfly eBee RjTtkvice, with atotal flight time less thar80
minutes. The firsflight was for traditional photogrammetry processinghere the ground targets would

be used to place and scale the information taken by the camera. The second$igia base station to
send corrective information to the eBee so that the photos would have the correct information to make
an accurate pointloud, eliminating the use afround targetsThis flight providederial photo mosaics
anda point cloudof the area.The data for the pilot projeds available frordTDR Research Program

upon request.

The second flight wasver Canyon Creek Bridge on-8H which is between Idaho City and Stanley. The
plan was to use flaggers to stop traffic while a multi rdtgxSwvas used for the flightslraffic control for

the first flight had to be modified becae flaggers had not arrived. A DJI PhantiSequipped with a
visual sensor flew while observers on each side of the bridge watched for traffic. When a vehicle was
spotted, the pilot would move the Phantom to a spot away from the roadway until the \eklelred

the areg after which it would resuméhe flight. After the first flightthe flaggers arrived and a

traditional flagger set up was used. The rest of the flights used a DJI S550 Flieot@ sixcrdt that

held the thermal sensoiThere werdive total fights, with each flight lasting about 5 minutes. The
deliverables include photo mosaics of both color and greyscale thermal imagmda video of the
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color thermal along with point cloud and surface data. However, the thermal images dmwethigh
enough resolution to show any sign of delaminatard were insufficient for bridge deck inspection

The final areawerethe -84 Snake river bridges near Declo. Tival flight took place June 22015
and started with the placement @found control points that would later be surveyed. The main flight
wasdonewith the eBee RT&ndtook about20 minutes After the eBee fligt, a DJI Phantoraurveyed
the north side of the completed bridgieom outside of the structurgenabling GP&idednavigation
The research team extractedimt clouds, surfacphotos aerial photosphotos of the north side ahe
completed bridge, and a measurement af an-site stock pile from the datalhe next steps for the
Drone Pilot projectvereto do follow upflights on SF21 and 184 and to continue processing the data
that hadbeen received so faAccording to the ITD project leadehet resultsindicated that UAS
inspections ara safe and effective way to gather data that can be used for design, cotisiruand
groundmonitoring purposes. According to district engineeesaarch projects will need to be done to
test the accuracy and usability of theASdata. Sincethe completion of this study,TD Video has been
used forUAS imaging dfoodingduringspring2017and documenting a historic bridge.

Research Objectives

The main research objective wasdtudy theeffectivenesof usingUAS todetect steelfatigue cracks
in aGP&eniedenvironment. Task 1 was frove thatUAS can fly safelin GPSdenied environments
andto attempt to identify several defects on a lab made bridge. Task 2 was to perform a literature
review andto determine limitationgthat existwhen usindJAS to perform arunder-bridgeinspection.
Task 3 was to identify severblAS, cameras, lightingand environmental conditionthat UAS can
detect fatigue crackin and todevelop software that can automatically detect a fatigue crack from
visual images. Task 4 was to perform an inspection of a recently inspeetetvioe bridgdor fatigue
cracks and compare the resuttsthose of the inspection reportask 5 wat compilethe final report.

FAARegulationdor FlyingUAS

There are two sets of rules for flying any aircraft: Visual Flight Rul&¥ gué Instrument FlighRules

OLCwO® ! OO2NRAY3A (2 GKS d! SNRBYFdzGAOIE LYF2N¥IFGAZ2Y
airspace of defined dimensions within which air traffic control service is provided to both IFR and VFR

flights in accordance with its classificatici® In the United Stateghe International Civil Miation

Organization (ICA@gsignate controlled airspaces astatedin Tablel.

Tablel. Designated Airspacein United StategAdapted fom Aeronautical Information Manualf®)

Class Definitions

Class A From 5,500m (18,000ft) Mean Seadvel (MSL) up to and including Flight Level
Class B From the surface to,800m (10,000ft) MSL. or around large airports

Class C From the surface to 1,20® (4,000ft) al_oove the airport elevatigror around midsize

airport

Class D | From the surface to 76@ (2,500ft) from the airport elevatioror around small airports
Class E Aregulatedairspace that is not classified as A, B, C, and D
Class G Uncontrolled airspace with no IFR operation.
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One of FAR @sponsibilities is to provide safety regulations for fly§S. FAA recognizes two

categories folJASdza SY G Cf & FT2NJ Tdzyé £ ¥RSGaGRANBANIRE BSH) ¥ & dzd N3
permission from FA/ut the vehicle should be registered throutiteC! | $§So60aAiSd ¢KS aCf
G2N]l kodzaAySaaég OFGSA2NER Aa NBalNR Gsmishedontie! | & ¢ KS
FAA website on June 21, 20980ome of these regulations are as follows:

9 The total weight of the unmanned aircraft should beddkan 25 kg (55 )b

1 The vehicle must remain withithe visual lineof-site of the remote pilot in commat the
person manipulating the flight controls, and the visual observer during the flight.

1 The aircraft must not operate over any persons that are not direchigpating in the
operation,are not placed under a covered structure, and are not insiceadvered stationary

vehicle.
9 Flight is only permitted durindaylightor civil twilight with appropriate artcollision lighting.
T ¢KS a2tS dzasS 2F | TFANRG LISNBad OBMRE OIBY] ININBRSS
1 The maximum altitudeis 133m (435ft) above the ground level, or with133m (435ft) of a

structure.

1 The maximum speed of th&JASmust not exceed 160 km/h (100 mph).

1 No person may act as a remote pilot or visual observer for more thatué®at the same time.

1 TheUASoperator mus either hold a remote pilot airman certificate or be under the direct
supervision of a certificate holder.

1 UAS must be registered and certified by the FAA.

1 TheUASmust not be flown within &m (5 mi) of an airport without prior authorization from the
airport operators.

1 TheUASmust not be flown from a moving vehicle.

Pilot requirements are:

Must be at least 14ears old

Must pass an initial aeronautical knowledge test at an-Bpgroved knowledge testing center
Must be vetted by the TransportatioBafety Administration (TSA)

Must pass recurrent aeronautical knowledge test every 24 months.

= =4 =4 =

Based on these requirements, a certified pilot can fly a stantda8under a bridge without traffic
closure as long as tHgASs not flowndirectly over vehids However, it is possible to get a wavier for
live traffic flights but it depends on the UAS altitualed location. If traffic isboth above and under a
given bridge, like in a flyover, the traffic under the bridge would need to be stopped to inspest und
this bridge, just like the traffic would need to be stopped above the bridge to perform an inspection
above the bridge.

Registered aircraft must have an application form (AC Form-2pa@d evidence dASownership.
After submitting these documentshé UASIs registered andhe pilot can requesa Certificate of
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Authorization (COA). The following informatismequired to submit the COA application form: concept
of operation and type of the missions, operation location, altitude, communicatardflight
procedures? ! F (i S NJ & dzoPAA éoadlicts ¥ Gomrebensive operational and technical review. If
necessary, provisions or limitations may be imposed as part of the approval to ensiwé8ean

operate safely with other airspace users. In mosses, FAA will provide a formal response within 60
days from the time a completed application is submiXe? The COA application also requires proof of
airworthiness for thdJAS This proof can be obtained either by submitting an Airworthiness Setém
2NJ (0 KNR dzZ3 K C!AinmihinésSBetadsE da Odwinrinpdlicy, FAA has been speeding
up COA, also known as certificate of waiver for section 333, for certain commeJ&i&8i. Section 333
exemption holders now arautomaticallygranteR ¢ A (1 K 4006Ff2I2yGES B KA OK ff2ga (K
anywhere in the country except for restricted airspaces, as long as they are b2law (400 ft) and the
UASs not heavier than 25 kg (55 Ib). The part 107 regulations provide a flexible framéwarkver,

more opportunities have been provided by FAA to omit these regulaffolmsorder to illustrate the
changes in recent ruleBable2 demonstates the summary of the regulations for flyibghS and micro
UAS (vhichweighlessthan or equal to 2 kg5.45 IH) as of Otero et al. from 201% and now. It seems
that restrictions have relaxed, the definition 0ASand microUASseems to have beeremoved FPV is
not allowed for the pilot and the operator certificate has been defied as the FAA Part 107 exemption.
Operation near airports has been relaxed, with permission and operation of densely populated regions
(densely is not rigorously defineg the FAA at this time) is only allowed with a waiver. Note that
Autonomous operation is defined asy flight with a drone that theilot-in-controlis not in direct

control of theUAS
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Table2. UASand Micro UASRegulationgAdaptedand Updatedfrom Otero et al.®”)

From Otero et al. 2019

As of this writing

Provision

UAS Micro UAS UAS
Maximum Weight ASplus 25 kg (55 Ib) 2 kg (4.5 Ib) 25 kg (55 Ib)
payload)
Class G, and Class BDC glaéSS’sr\;ﬁtEIAa:
Airspace confinements E with Air Traffic Centel Only Class G o
. Traffic Center
permission .
permission
. No operation over
. No operation over any
Distance from people and . o any person nb
person not involved and No limitation .
structures involved and
uncovered
uncovered
Yes, but pilot in
charge must be
Autonomous operations Yes No able to take
control in
emergency
. . Permitted; if visual line . Only by Visual
First Person View (FPV) of sight is satisfied Not permitted Observer
Visual observetraining Not required Not required Not required
Operator training Not required Not required FAA Part 107
- Required with Required without FAA Part 107
Operator certificate
knowledge test knowledge test
Preflight safety assessments Required Required Required
Prohibited
Operation Wlthln 8 km of an Prohibited Prohibited thh_out
airport permission from
Air Traffic Control
Operate indensely populated Permitted Permitted Prohibited

region

without Waiver

Liability insurance

Not required

Not required

Not required

Night operation

Prohibited

Prohibited

Prohibited30
minutes before
and after civil
Twilight

UASDefinitions

UAS are generally defined as any aircraft or aerial device which is able to fly wiginamrboard human
pilot. Theyare also known asnmanned aerial vehicledrones remotely piloted aircraft, remotely
operatedaircrafts, remotely piloted vehicles andremote controlled helicopters Depending on the
application,UAS areequippedwith different types ohon-contactsensordike visualcameras, thermal
cameraslight Detection and RangingiDARsensors, ultrasonic sensors, etbAS(xontroland

navigation arecommonly carried out by Global Positioning Systems (GPS), Inertial Navigation Sensors
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(INS), MicreElectreaMechanical System®1EMs), gyroscoeaccelerometerssonar sensorsand
Altitude Sensors (AS)ll onboarda UAS” The collection of th&JASplatform, sensors, and control
systemform asystemknown asan Unmanned Aerial System (UAS).

GPSis a radio navigation systethat allows land, sea, and airborne users to determine their location
andvelocity. INSs anavigationaid that uses @omputer, a set ofmotion sensorsanda set ofrotation
sensors to continuously calculdtee position, orientation, andelocity(direction and speed of
movement) of a moving object without the need for external referentieis used on vehicldie ships,
aircrafts, submarines, guided missiles, and spacedviEiMis the technology of microscopic devices,
particularly those withmoving parts.

An Unmanned Aerial Syste(WAS consist of three parts according tothe Association for Unmanned
Vehicle Systems Internationg@UVS): the vehicle that might be an aircraft, a muttopter, or a
helicopter, payloadthat includes the weigt of all sensors mounted on the vehickndthe ground
control system or statioywhich send commands to the vehicle for takeoff, positioning, and landing.
Based on size, weight, endurane@drange of flying altitude, there are three classedJé{S: tactical,
strategical, andspecialtask'” TheUAS usually used in civiliaapplications such as bridge inspection,
areclassified asacticalUAS, as defined iable2. However, the designation between mitfdSand
UASseems to be arbitrarily defined by different soureesl isnot anFAA designatich?.

Interpretation of Photographic Images

In this study, several imagegsual and thermabf bridge structurs, real or simulated, were evaluated.

Ly Ittt OFrasSa AYlF3ISa 6SNB Sglfda SR 60& (GKS aryS Ay
structural engineering, but no bridge inspection trainingages were viewed on different medizell

phone and desktogcreens, as noted in the sections below.

Pilot

Only a single pilot was used from the start to the end of this study for the presented investigations. This
pilot obtained hispart 107 FAA UAS license at the beginning of the study and wvtiasreforerelative
novice at flying UASs, by the end of the project he had lodd6é¢hours on this and other endeavors.

Archived Data

All experimental datpresented organized by experiment numbévr,a | @+ Af 6t S FNBY L¢5C
Program upon request
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UASApplicationsfor Bridge Inspection

Seveal states have investigatddASapplicationsfor numerousstate DOTmissionssuch as traffic
surveillance, avalanche control, mappiegnstruction project monitoringbridge inspectionetc. In this
section,studies conducted on usindAS for bridge inspections are briefly presented.

California

In 2008, California DOTa University of California at Davis published a report on bridge inspection

using aerial robot§) The researcherdesigneda customUASto betetheredto the ground therefore

making iteasier to controbnd conform tathe FAAregulations at the timeThe researchers then

mounted ahighresolution video cameran the UASwith forty-five-degree tilt.Next, the researchers
developedthe onboard Flight Control Computérs provide a redundant higspeed communications

link to manage théJASstability. Califania DOTerminated the projectbecauset did not resultin a
fully-deployable aerial vehicle due to the following problemsteliable heading sensor data (heading
aSyaz2zNJ Aa 'y SEFENIKQa YIF3aySGiAaO TFTASt (espexidlyiawind ¢ KA OK
and unsuccessful implementation af altitude holder sensorThe California research project was one

of the firstknown researctprojectsdoneby DOTSs for utilizing AS inbridge inspections.

Georgia

In 2014 Georgia Institute oTechnologyand Georgia DOdublished theoutcomesof 24 interviews with
CGeorgiaDOT personnelThe goal of these interviews wei@ evaluate the economic and operational
advantages and drawbacksdAS within traffic management, transportatioand constuction *? The
Georgia study included an investigation wEfdifferent UASonfigurations, A through E. System A was
a quadmotor UASwith FPV Vertical Takeoff and LandingTOl, andavideo camera suitable for
monitoring operations such abut not limited to, traffic monitoring. System B was an enhanced version
of System A, equipped with LiDABReorgiaDOTrecommended his system for any mission that involved
mapping. System C expanded upon Systemith emphasis on prolonged environment/region
monitoringin areassuch asonstruction sites. System D was proposed Bg\&or county-sized
missionswhereas Systems A through C were regional. A fixied aircraft withawingspan size of th

to 6 m (6.5 ft to 20ft) and capable of higlyuality aerial photogrammetrgomprisedSystem DThis
systemwas suggested asproper candidate for postlisaster response missions and highway control.
Finally, System E configuration, which was recommended for bindgections, consisted of a multi

rotor copter witheightor more motors, potentially tethered, capable of VTOL, and equipped with LIDAR
and safety pilot mode.
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Michigan

Michigan DOT published the results of ithexperiments on fivé&JAS™ TheseUAS wee equipped
with a combination of visual, thermal, and LiDAR sensors to assess critical infrastauadtineir issues,
for examplebridges, confined spaces, traffic flow, and roadway ass&tsearchersoncluded thaUAS
are alow-cost, flexible, andime-efficient toolthat can be usedor multiple purposes: traffic control,
infrastructure inspections, and 3Dodeling of bridges and terraiMichigan DO reported eachUAS0
be suitable for &pecifictask in MchiganDOT AVTOLUAS equipped withthermal and visual camesa
proved to be the most appropriate for higiesolution imaging of a bridge deckVTOLUASwas able to
calculatethe locations and volumes of the spalls and delaminations of bridge dElsksdeck inspection
using norcontactsensorshad nmixedresultswhencomparedio hammer soundingesults Theseissues
stemmed fromthe many patchesnd materials usetb repairconcrete,spalls and other surface
discontinuitiespresent on bridge decks (i.tere wasno surface homogeneity).

Minnesota

Minnesota DOTnitiated a comprehensivinvestigationof the benefits and challenges &fASbridge
inspectio*?. Collins Engineeringspected four bridges in Minnesota usibd$ to study the
effectiveness oWV TOLWAS. The first bridge inspection was arBg85ft) long single span prestressed
concrete bridgeThe UAScould not perform an under bridge inspection due to fol@arance andack of
GPS signal. The human inspection andUA&nspection detected bridge a& and rail defects like
spalls and crackinghe inspector detected missing anchor bolt nuts during the udmi@ige inspection
while theUASwas unable to detect this defect. However, mild scour was detgcted byUASmages
Astitched model of the hidge deck was generated after the deck inspection. The second bridge
inspection was a 106 (330ft) long open spandrel concrete arch bridge. Thescould notsurvey the
bridge deck due to trafficTheUASalsocould notmaneuver under the bridgdue tothe absence of GPS
signals but a zoom lens provided reasonable visibility for some utdielge items. In this case, the
reported mild scour was not detectable in thiASimages This time thdJASnspectionresultsshowed
bearing deteriorationwhichthe previoushuman inspection missed. On the third structurdive-span
steel underdeck truswas inspected bWAS The UASnvestigatal the truss superstructure and
substructureandthe results were in closagreementto the humaninspection resultsThefinal bridge
was approximate350m (2,800ft) with five truss arch span$heUASnspection was carried oubut it
was not compared to human inspectionCollins Engineeringpncluded thalJAS can be usetbr
bridge inspection while posing minimursk to the public and théight personnelin some case$)AS
images provided a cogfffective way to obtain detailed information that may not normally be obtained
during routine inspections. FAA regulatiopreventedhe team fromflying UAS over traffic, negating
the benefits ofUASNnspections for the deck.

10
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Florida

Florida DOT (FDOT) began to investigate the applicatiddé&8fin 2005 witlthe main focus on traffic
management and road monitoridy® In 2015 FDOT published anothésASresearch project

investigating the feasibility d#ASbridge inspection and high mast luminaif@\ UAS equipped with
high-definition cameraswas used in lieu of experienced inspectors to achieve the following goals:
reduce the cost of inspection, deice the hazards to the inspector, increase the public safety, and
increase the inspection effectiveness through more comprehensive data acquisition. Limitations were
also identified: allowable payloads, control and navigation in severe windgardmage quality in
low-light conditions.

One of thegoalsof this studywasto select the mairJAScomponents based on the demands of the
project. Theresearcherslevelopedaweighted factor analyses to provide a systematic decisiaking
toolbox for each component Thisledthe research teanto selectthree VTOIUAS, our ground viewing
stations and three visual cameras. Finathe researcherselecteda dual camera setugnd aremote
control gimbalon a six rototJASIo perform the inspectionsThisUASwas tested fofflight in windy
conditions. e UAS) dosest distancérom an object was estimated at 08 (1 ft)for wind speed less
than 11km/h (7 mph)andwind gusts less than 18n/h (10 mph) In additionthe final report
recommendedL m (3 ft)clearancdan wind speed greaterthan 24km/h (15 mph)and wind gusts
greaterthan 32km/h (20 mph) FDOT found that AS cancollectinspecton data fora high mast
luminaire in 8.5 minutes while providing adequate pictures in acceptable detalil.

Additionally,the research team performetivo preliminary field testat the Flolida Institute of
Technologyampus under controlled conditiona pedestrian bridge and a wooden bridge were
inspectedunder 15 minutesThe inspections indicated moderate and severs on welded or bolted
structures, a longitudinal crack along the guard rail, and a small stress crack on thefidemeath

The research team also participated in a field test with FDOT inspectors and performed the inspection in
10 minuteswhile sulject to 20km/h (12 mph)wind speedsand 29km/h (18 mph)gusts. Rust, crask
through epoxy, bearing deformiain, anddeck and girder separatiomere among the detected flaws.
Theother field test was performed on a steel railroad drawbridge with the wind spgéd km/h (7
mph)and the wind gustsat 27 km/h (17 mph).The team detectednissing nuts and severely rusted
bolts. Theeam performed thehird field inspection on a conete and steel superstructure bridge in 10
minuteswith the wind speedat 27 km/h (17 mph)and the wind gustsat 40 km/h (25mph). This
inspection showednild to severe corrosion regions on transverse girder bracing and separation
betweenthe girder andthe deck in the images. Omeew aspecthe FDOT researdhtroducedwas a
service and maintenance schedule WAS. The research teamecommendednspectingmotors,
propellers, airframe structure, and batterias least every 2Hours ofoperation.
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Literature ReviewSummary

This chaptempresentsthe past applications dJAS in DOTdrigure 1shows states with either past or
currentinvestigation olJAS in red. Although most of thee research projects have not been focused on
bridge inspectiondJAS have been &st-growingtechnologyin the areaof bridge inspectiorior the

pasta few yearsTable 3summarizes the conductddOT fundedJASrelated researclior bridgeand
infrastructure inspectionsTable4 summarizes the inspection tasks attempted by the different studies
focused on bridge inspection.

mDOTs used/studied UASs

Figurel. Map of State DOTghat Have DocumentedPastor Qurrent Study ofUAS
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Table3. Civillnfrastructure Condition Assessments UsibgAS

State DOT| Year UAS Inspection Achievements Inspection Challenges
California | 2008 ES26a10 Inspection was not performed UASInsta?;itlyj/eaSnd control
Georgia | 2014 N/A Proposition of five US Actuall inspections were
not performed
The automated spall
. detctor understimated the
Bergen Autonomous spall detection
: actuall spall area
HexaCopter, Deck 3D model reconstruction . .
L . .| Thermal inspections were
DJI Phantom,| Deck delamination detection using .
_— - . 3 inaccurate because of the
Michigan | 2015| BlackoutMini thermalimages L
. o variation in surface
Quadcopter, Thermal and visual combination .
. . . emissivity of the dck
HeliMax 1 Si. | Successful pump station and culve o
) : . Nonautomated navigation
inspections using drones :
and controlling system
Inaccurate GPS
Defect detction: cracks, spall, scol
missing boltsBuilding the map of | FAA regulations prevente
. Aeron the structure, IR technology to deckinspection
Minnesota| 2015 Skyranger detect delamination, Reasonable Loss of GPS signals
agreement betweenhe results of
UASand visual inspections
FAA regulations prevente
Defect detection: cracks, spall, decklnspec_tlon,
: o . No underbridge
ArduPilot scour, missing bolts Reducing | . : .
. . . L inspections, Contrassues
Florida | 2015 Mega 2.5 inspection cost and time in high | . ="
Micro Copter mastluminars in wind speed greater thaf
25km/h,
Low quality images in
severe weather condition
Table4. Summary ofAttempted UASBridge Inspectio Tasks
Under-bridge Concrete Concrete
9 Steel crack Surface S Visual IR
State DOT| Year UAS . . Delamination
. : detection Defection : Camera | Camera
inspection . Detection
Detection
California | 2008 N N N N Y N
Georgia | 2014 N N N N N N
Michigan | 2015 N N Y Y Y Y
Minnesota | 2015 N N Y N Y N
Florida | 2015 N N Y N Y N
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Chapter3. Small Bridge Experiment

#EADOAO o
31 Al1 " OEAGCA %@DAOEI AT O

The goal othe small bridge experiment was simulateUASbridge inspection on a latmade bridge
with predefined defects to determinthe performance, shortcominganddemandsfor UASbridge
inspection For this purpose, a small bridgeeasuringg m (20ft) long, 4m (13ft) wide, and 0.2n (8in.)
thick deck thicknesswas built at theSystems, Materials, and Structukégalth (SMASH) lab of Utah
State UniversityThe small bridge is shown kigure 2 The research team made the bridge from-on
hand materials used in previous research projects. Theegiging defects on this structureane
concrete crackdightly corroded girders, and deck delaminati@oncrete crackaere located on the
top and bottom of the concrete deck. The bridge deck was supported by two steel girders. The girders
had mild surface corrosion along the webs, flamges, and the web stiffenershe research team
implantedthe deck with subsurfacdelamination formed by thin sheets of plastiat the time of
construction

Girders i

Figure2. SmallBridgeat the SMASH.ab

At this point in the study, only a 3DR M#aSequipped with a GoPro Hero 4 camera was available.
schedule of the experimental damaged specimens is present&dbite5. A schedule of experiments
performed on the small bridge is presentedTiable6 and outlined in more detail belowAppendix A of
this report provides a copiete list of the specimens and experiments carried out in this study.
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Table5. Schedule of Specimens for Small Bridge Experiment

Spech|men Source Defect Form Dimensions Location
so1 USsu S“rfaéfagfsncre“ B"r?dzrzggfk HnQ E ™{ SMASH Lal
S02 usu CSOL::;‘";T; Steel Girder 1| W10x88 | SMASH Lah

Deck Labmade ~
S03 Usu Delamination Bridge deck HnQ B m{ SMASH Lab
Table6. Schedule of Experiments for Chapter 3
Experiment . . Pageon
D Intent Specimen | UAS | Camera Site The Report

Detect Concrete

E001 Cracks so1 | SPR| GoPro | SMASH .,
Iris Hero 4 Lab

(Manually)

Detect Concrete
E002 Cracks sop | 3PR| GoPro | SMASH) 218
Iris Hero 4 Lab

(Autonomously)
FLIR E8
Eoo3 | DetectConcrete) oy | 3DRY op o | SMASHE 1900
Delamination Iris Lab
Camera
Detect Steel And 3DR| GoPro | SMASH
E004 Weld Corrosion S02 Iris Hero 4 Lab 2021
3D Model 3DR GoPro | SMASH
E005 Construction S01 Iris | Hero 4 Lab 21-22

ConcreteSurface Cracks

The cracken topof the bridge deck were detectable in re@he using theFP\Vimonitor, ED01, asseen
in Figure 3 The shortest crack was approximately 2 crin(Llong whereas the longest cracks on the
deck were roughly measured up to 50 cm {29. TheUASwas flown vithin abouta 1 m (3 ft) clearance
of the deck. The majority of the cracks were visible in-tieaé. Figure 4shows an image from the
inspection video where arrows indicate the detectable cracks and barely detectable cracks in the
inspection image.

16



Chapter3. Small Bridge Experiment

Figure3. Example ofTop Cracksin the Golor ImageAcquiredby the UAS E001

Figure4. Variety of cracksDimensionson the Bridge Deck E001

Automated Concrete Surface Crack Detection

Monitoring and measuring crackse common practicein bridge deck and road pavement inspections.
Onehundred and six color images were ds&s a dataset to evaluatecaack detection algorithrthat
the research teandeveloped(E002)

17



Fatigue Crack Detection Using Unmanned Aerial Systems in-Bridge Inspection

For the purposes of this report, the standard image processing definition of accuracy (termed detection
in this report) iddefined as a weighted average of True Positive and True Negative reports. True positive
is defined when a&rackis detectedby the algorithm while True Negative occurs when the algorithm

finds nocracksn a sound image. In this report, when the algorithm finds more thapesfent of the

length of thecrackin the defected dataset (determined visually by the resbaieam), it is considered a
True Positive. True Negative is considered when the algorithm finds no connected components
resemblingcracksin the sound dataset or when it provides a clutfeze image This definition allows
comparison to other crack dettion algorithms in the image processing literatif2 Thecrack

detection algorithmused in this reporhad a 90 percentletectionrate. Both of these esultswere more
accurate tharother contemporaryvisual imagerack detectioralgorithms one of whtch, whencoded

and used to analyze this same datagsetuld only detect 4percentof the crackon this dataset® *”.

Other crack detection algorithms the literature report similar or lowenumbers than the algorithm
developed in this reportfor example64 percent to 86 percert?, 73 percent? 90 percenf?),

although these areletected on different dataset§ he Matlab code for the proposed concrete crack
detection method is provided in Append®The number of successful detectioren be further

increased by using better cameya&loserdistance to the surfacemore stabldJAS etc.Figure 5shows

the intermediate results of the crack detection algorithm on one of the images from the dataset.

Grayscale Image Median Filtered Edge Image

Threshold Image

Post-Processed Image 2

Post-Processed Image 5

Figure5. Automatic Crack Detection Baseoh UASImages E002
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DeckThermal Inspection

Theresearch team also used tlieck to investigate thermal delamination detection usimf&IR E8
thermal cameraEOO3For this experiment, the FLIR E8 was mounted on thel88Rvhich maxed out
the payload, making it only able to fly a short distance off the ground for a short period of time, which is
why the slab was not mounted on the girders of the small bridge. A smaller thermal camera was not
available. Even with thignitation, this experiment shows that it is possible with additional time and
effort to detect subsurface (delaminations) and surface (crack<).6m (2 ft) by 0.9m (3 ft) plastic
sheetinclusion was embedded in the deck during constructmaimulatea delaminatedregion(see
Figure §. Theresearch teammonitoredthe bridge deck when the deck was still hot from the day and
ambient temperature was dropping (deck temperatuvasroughly 25C (70F)on average The thermal
image is shown ifrigure 7 The delaminated regiomasdetectable as a cold region in the thermal
image However, there are other cold regions not associated with the depicted delaminatiBigime 6
whichhadsevere cracking in those aretist could also be identified visuallfhese cracks effectively
altered the surface, which caused faster heat loss than the surrounding sound cqrarétbey
presentedcomparatively colder spots. This small experiment pdiyat usingthermal imagery for
surface and subsurface defect detectistieasible however, it was not the focus moving forward.

Length Units: m

Delamination Area
1.8m

Concrete

L oem

Figure6. ThePan and Hevation View of the Deckand itsDelamination, (EO03)
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Figure?7. CapturedThermal ImageEOO3

Girder Inspection

The steel girders of the small bridge had minor surface corragioch was visible in the redilme
inspection videosE004 seeFigure 8. Thedistancebetween theUASand the girdelin Figure 8vas
about 1m (3ft), similar to that recommended by Otero et al. in moderate wind conditf8rin addition
to corrosion on thagirders,the weld quality of the web stiffenersasobservabldan reattime usingthe
opticalzoom featureFigure9). The camer¢he research teanused for this inspection was a GoPro
Hero 4, which igsot idealfor scientific and accurate imagetye to its focal length and fish eye effect
(see rounded edgs of objects in cornemsf Figure 8. However, GoPro cameras are very poptdar
UAS due to their small size and light weight. Better cameras are likely to produce better results.

' -_

Figure8. SteelGrder SurfaceCorrosionand Rustin the Image Aquiredby UAS E004
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SO A ~ 7

o it ‘,‘e';__;_ﬂ ; N <~ R ’
Figure9. VisualWeld Inspectionon the Small Bridge, E004

Off-the-Shelf 3D Model Reconstruction

The research team importedght-hundred and forty imagesf the bridgeto AgisoftPhotoScan, a
commercial 3D model reconstruction softwate generate3D mode$ from 2Dimages(seeFigurel0),
E005® No modifications or prgrocessing operatianwere applied on the imageetore the model
was constructedThe total processing timeok about 16 hoursThis execution timeouldbe reduced
considerably if the preliminary modification and masking operations were carried out before the 3D
model geneation. Regardlesd,TD engineers considergiis to betoo much time, especiallgecause
many parts of the bridge were missing or partially missidglitional effort could improve this model,
but the time investment was not thought worth it by ITD engire

FigurelO. Agisoft PhotoSca®D Model of Snall Bridge, EO05
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Lessons Learnefdom the Small Bridge Experiment

Based orthe small bridge experiments (ECG&DO05) the following observations can be made:

1 Image processing techniques (3D mapping or damage detection) that can detect defects are a
significant advantage aJASinspectiors, but must be tailored to the situatiolso,3D mapping
is not likely to be useful without significant eff@hd algorithmimprovement
1 Realtime andautonomousconcretedeck crack detection is possihlsingUAShased images
1 The light ¢rder corrosion was detectable in retine.
1 Concrete delamination detection was shown to be feasible using thermographig and
promising area of additional research.
1 Image processintgchniques can besed tofacilitate concrete crack detectioand show
promise for automated detectioin reatime.
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# EADODAO

&SAOECOA #OARBRNOLEOAAAEIOO
Finding fatigue cracks is a difficult and expensive task in bridge inspection. Thesefteacscur in
under-bridge members andanbe troublesome for the bridge inspecttio accessThischapter
investigatesthe potential ofUAS equipped with visual cameras to detect fatigue cra@s06, E007,
and EOO8)Firstthe research team determinetihe required conditions for fatigue crack detection
throughcontrolledindoor experiments. These experiments were performed on apéste wth an
existing fatigue crackhich wasprovided by ITDThe purpose of this test was determine the
optimum camera distancand lighting conditions for three different camerdssignated tahree
different UAS. TheUASwerethen used toinspect a tespiece, which contained a fatigue cradk.a
controlled environmen{E009, E010, and EOZXi)d in an uncontrolled environmeE012 and E013)
The SMASH lab was selected as the controlled environmerdmigservicebridge owned by the Utah
Water Researchaboratory (UWRUWyas selected as the uncontrolled environmemhis was done in
orderto assess the limitations &fASbased fatigue crack detection. The visibility of the fatigue crack in
the captured imagewasassessed for eaddASunder different cicumstancesThe research team
developed a automated crack detection algorithm to detect the fatigue cednkhe captured images
autonomouslyThe feasibility of using active and passive thermography to find the fatigue cracks on two
test-pieces acquiredrom ITD hae also been investigated hischapterrepresents the summary of

findings and provides some guidance for visaral thermalimage based fatigue crack detection using
UAS.

Fatigue Definition

Fatigue is the tendency of a member to fail ateess level below the elastic limit whenbjected to

cyclical loadingratigue crackeften are formed in loaebearing steel members during cyclic service

loads and can result ithe brittle fracture of the memberA fracture critical membefFCM)s a seel

member in tensionor with a tensiorregion whose failure would probably cause a portiorttod entire

ONARIS (G2 O2fflLASP® LT GKS o NK&RtEr&criticél amBey A a4 aFNI O
inspection whichconsists of a handsn ingection of FCM's or FCM components that may include

visual and dber nondestructive evaluation.

There are three stages to crack gronw8tagel: Initialization stage, when therack starts at an internal
flaw or change in geometrptage 2: Propagationatfe, growth of the cracihe stage in whiclthere is
the opportunity to find the crack and arrest repair it} and Stage3: Fracture Stageailure occurs

when the member breaks into piecdsacture is the local separation of material into two or more
pieces when subject to stredstacture is initiated from a flawm either material or desigandwhenit
reaches a critical sizemay causéhe member torupture. Fatigue cracking normally occurs slowly with
somewhat slow crack propagatipwhereas frature occurs abruptly without warning?®

23



Fatigue Crack Detection Using Unmanned Aerial Systems in-Bridge Inspection

Current Practice for Fatigue Crack Detection

Findingfatiguecracks has been a major challenge in bridge inspectinostly because fatigue cracks

are short in length and very narrow in widfkatigue crackasudly occur in undebridge members and
connections that are difficult to access by conventional physical procedures. Also, the steel members
and connections are usually covered with rust and other surface clutteich make visual detection
difficult if not impossible. In addition, #hlow-light conditiors under bridges are another challenge in
visual fatigue crack detectioffhe currenprocesdor fatigue inspectiongncludes a visual or physical
inspection (i.e. rust removal) and application cfudtable nondestructive evaluation (NDE) method such
as dye penetration or magnetic particles, if necessary, to locate the cf&tksnding the cracks in this
manner can be expensive, dangerous, and time consufffing.

Imagebased flaw detection mettds have gained considerable popularity in the past deckHdeever

with regard to bridgesmost of the effort has been focused on two types of defects: surface concrete
cracks and subsurfac@ncretedelaminations using infrared thermograpf§2® Firding fatigue cracks

is especially challenging when usinigual imaged-or instance, thaize, shape, and intensity gradient of
surrounding pixelsf afatigue craclare different from conventional concrete crackus, the

previously developed algorithsnare not appropriate to detect them. In addition, the efficiency of these
algorithms is tied to the quality of the image, which could be a function of camera specifications, lighting
condition,camera distanceetc.

SelectedUAS

The research team usatiree UASI0 perform bridge inspections and defect detections in @gpter
and are listed imable7.

Table7. InvestigatedUASfor Fatigue Crack Detection

UAS 3DR lIris DJI Mavic Goose
Cost <$500 $1,000 $ 5,000
Weight 1,282 g (2.8 Ip| 743 g (1.62b) | 11,4009 (25.21H
Type Quadcopter | Quadcopter | Coaxial Octocopte
Flight Time 16-22 minutes| 27 minutes 27.5 minutes
Payload 400 g (0.81b)| 900 g (2 Ik 14,4009 (32 1p
FPV Broadcasting yes yes no
Camera GoPro Hero 4| DJIl camera Nikon
Obstacle Avoidance no yes no
GP&deniedAltitude Measurement no Sonar Barometer

Fatigue Crack DetectieMinimum Conditions

This section reports the results of a set of indoor experimeB@6 through EO0O8 hese experiments
were performed to determine the requirements ftirree types of cameras performirfgtigue crack
detection The requirements are iterms of lighting conditioaand camera distance~or these
experiments, a single tegtiece with a known fatigue crack was observed under different conditions
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(UAS camera, lighihg,and environmeny For the beginning of this sectipanly a single fatigue test
piece was available and a second was obtained near the end of the prgseen in Table8. Only
additional thermographiexperimentswere run on the second test piec€able9 summarizes the list of
experiments performed in this chapter, much of which is detailed in the coming sections.

Equipment
Three cameras were used in these experiments:
1 GoPro Hero 4, up to 12egaPixel (MP) with 4000 by 3000 resolution, which is compatible with

the 3DR Iris and many others.
1 DJl camera, 12 MP with 4000 by 3000 resolution, which was the onboard camera of the DJI

Mavic.
1 Nikon COOLPIX L830, 16 MP, 4068 by 3456 resolution, wiicteleated to be mounted on the
Goose.
Table8. Steel TesPiece Schedule
Specimen ID Source Defect Form Dimensions Origin
S04 ITD | Fatigue Crac| Steel Puck1 5T ™ ®c p &| Unknown ITD Bridg
S05 ITD | Fatigue Cracl SteelPuck45 ' m ®c p| Unknown ITD Bridg
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Table9. Schedule of Experiments in Chapter 4

Experiment Intent Specimen| UAS Camera Site Page in the
ID report
Detect Fatigue Crack GoPro Indoors

E006 (Minimum Requirements) S04 N/A Hero 4 (Office) 21-28
Detect Fatigue Crack DJI Buik Indoors
E007 (Minimum Requirements) S04 N/A In (Office) 30,33
Detect Fatigue Crack Nikon Indoors
E008 (Minimum Requirements) S04 N/A Camera (Office) 30, 34
Detect Fatigue Crack . GoPro Indoors
E009 (Simulated Visudhspection) S04 3DR Iris Hero 4 (SMASH Lab 35, 37
Detect Fatigue Crack DJI DJI Built Indoors
E010 (Simulated Visual Inspection) S04 Mavic In (SMASH Lab 35, 38, 39
Detect Fatigue Crack Nikon Indoors
E011 (Simulated Visual Inspection) S04 Goose Camera | (SMASH Lab 35,40
Detect Fatigue Crack . GoPro Outdoors
E012 (Simulated Visual Inspection) S04 3DRris Hero 4 (UWRD 4245
Detect Fatigue Crack DJI DJI Buikt Outdoors
EO13 (Simulated Visual Inspection) S04 Mavic In (UWRL 44, 4649
Detect Fatigue Crack DJI DJI Built Outdoors
E014 (Autonomously) S04 Mavic In (UWRL 5153
Detect Fatigue Crack (Passiv FLIR SC Indoors
EO15 Thermography) S04 N/A 640 (Office) 455
Detect Fatigue Crack (Passiv FLIR SC Indoors
E016 Thermography) S05 N/A 640 (Office) 54,56
E017 Detect Fatigue Crack (Passiv S04 N/A FLIR E8 Indqors 56.57
Thermography) (Office)
£018 Detect Fatigue Crack (Passiv S05 N/A FLIR ES Indqors 57.58
Thermography) (Office)
£019 Detect Fatigue Crack (Active S04 N/A FLIRES Indqors 58, 60
Thermography) (Office)
£020 Detect Fatigue Crack (Active S05 N/A FLIR E8 Indqors 50, 61, 62
Thermography) (Office)

Lighting Condition Definitions an@amera Distance

Lighting conditios play a major role in any sort of photogrammetfjhe researcitieam considered
three lighting conditions to simulate different scenarios during the bridge inspection:

T a5 NJ ¢ >thempphoxirkatiok athe lighting conditios under a bridgeduring the daytime
(according to USU onsite bridgdlumination range: 200 k.

T db2NXNIf£€Z gKAOK A& Sl dzadda rbosyiih lightd onfiillkiSinaion 3 K G A y 3
range: 106250 Ix.

T . NAIKGEZ gKAOK A& Sl debf@kohcdnfrited light saureSsuch dsa K G A y 3
flashlight, with illumination moréhan 250 Ix.
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LftfdzYAYylFEGA2Y 61 & YSFadaNBR dzaAy3a | OSftf LKz2yS fA3IK
While, not the most accurate luminance measuring device, off 35% from a light meter, on average, it

was shown to provide acceptable relatimeasurement within the range of lux conditions in this

investigation® In addition to the lighting conditics) the distance between the cagma and the object

of interestaffectsthe images. To determine the performance of each camera, the indoor experiments

were also performedrom different camera distances cm (2in.), 10 cm (4n.), 15 cm§ in.), 20 cm (8

in.), 25 cm (10n.),and30 cm (12n.). The30 cm (12 in.) case ib¢ most realistic scenario without using

a zoom featureand the remaining were incremented down in 5 cm increments from the most realistic

case

Indoor Office Procedure

Theresearch team placed theest-piece indoors under variable lighting conditiohgghtingconditions
werevariedby measuring the tegpiece surface illuminatiarThe cameras wereset in front of the test
piece and a picture was taken for eazdmera distancand lighting condition

Indoor Office Results

After theresearch team carrid out theindoor experiments, thémages were viewedn aconventional
desktop computer to determine the requiremenfts locating the crackvithout anyimage
enhancemenfeatures. The maximundistancefor eachcamera in eaclighting conditionwasreported
asthe requiredcamera distancé the crack was detectable visually

GoPro

The GoPro camera provided reasonable video quality in past tests for general inspection purposes and is
very popular folUAS due to its small size and light weight. Tdamera performed poorly in the Dark
conditionfrom all proximitiesand the crack was not visible in armkenimagesseeFigure 11a). The

surface of the tespiece was blurnat the5 cm (2 i) camera distanceas seen irFigure 1{b),and the

crack wa not detectable EOO6 However, the crack can be seentire images with 10 cm (#.) and 15

cm (6in.) camera distanc& The GoPro cameras use the ultrigle angle lens to provide larger length of

field anda better aperture settingbut using these leses causes severe distortion (known as the fisheye
effect) in the captured images. The uknade angle lens used the GoPro camera is also a-focus

lens with a short focal length. That is why the clogeimages taken by this camera from the tp#tce

were oftentimes worse¢han the images taken with greateamera distance

Themaximumcamera distancéor the GoPro camera ithe Normal condition was 20 cm {8.), which is
shown inFigurel2. The GoPro pictures, taken in the Bright condition, were not satisfactory because
light reflectiorsin the pictureswashedout the crack Even though the GoPro camera captured the
fatigue crazk at 20 cm (&.) inthe Normal lighting conditionit is notrecommencadd to usethe GoPro
Hero 4camerafor fatigue crack inspectian
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(@) (b)

Figurell. (a) DarkCondition, 10 cm (4 inches), GoPro (b) Norn@ndition, 5 cm (2 inches), GoPro
EO06

DJI Camera

The DJI Mavic has an onboard camera which was used to take the pictures, EO07. The crack was not
visible in the images taken in the Dark condition without exposure adjustment, however, the DJI Mavic
camera can bedapted manually to lowight by increasing the exposure in real time. When the camera
exposure was manually optimized to perform in the Dark condition, the crack was visible in the images
with a 15 cm (6 in.) camera distance, as seawr! Reference source not foundin the Normal

ondition, the crack was visible in the image taken at 20 cm (8 in.) away from thgi¢est In the Bright
condition, the maximum camera distance to see the crack visuaby2vam (10 in.) as seen in Figure

14. The required camera distance to detect the crack was 15 cm (6 in.) or less for the Dark condition, 20
cm (8 in.) or less for the Normal condition, and 25 cm (10 in.) or less for the Bright condition. The
camera distane could be increased to 35 cm (14 in.) in the Normal condition and 40 cm (16 in.) in the
Bright condition without the crack becoming undetectable.
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Figurel2. Normal Condition, 20 cm (8 inches), GoPrBatigue Crack Visible

Figurel3. DarkCondition, 15 cm (6 inches), DJI Mavic, EO07
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Figurel4. BrightCondition, 25 cm (10 inches), DJI Mavic, E007
Nikon Camera

The Nikorcamera was also not able to capture images with éohkgdatigue crack in the Dark condition
E008 In the Normal condition, thBlikon detected therack when thecamera distancavas up to 30 cm
(12in.), as shownn Figure 15.In the images taken in the Bright conditon, the crack was not vidilde
to the light retection in the captured image$hesefindings show the Nikon is best for use in the
Normallightingconditionwith maximumcamera distancef 30 cm (12n). Note that this is without
using the zoom capability. With zooming (up to 8ptical), the camera could be considerably further
away.

Findings

The results of this section indicate that visual fatigue crack detection from the captured images in the
Dark condition is very difficult. Therefore, performing crack detection under a bridgéelyl require

the use of a light source. The Normal lighting condition was the optimum condition for both GoPro and
Nikon cameras. The DJI Mavic camera performed better in the Bright condition, but its performance in
the Normal condition was acceptablene’DJI Mavic and Nikon cameras took considerably better images
compared to the GoPro. A GoPro camera, with the mentioned specification, is not recommended for
under-bridge inspection with detailed defects (i.e. steel surface cracks). The results ofgbigmeent

are presented in Table 10.

30




































































































































































http://www.agisoft.com/
https://trid.trb.org/view.aspx?id=1308583

















































